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Background: MicroRNAs (miRNAs) are endogenous noncoding RNAs that regulate various biological processes.
miR-125b is a miRNA that has been reported to be critical for hair follicle (HF) morphogenesis and
development. We identified that the expression of miR-125b varies during an individual hair cycle (anagen,
catagen, and telogen) in the skin of cashmere goats. We constructed a gain model (by overexpressing
miR-125b) and a loss model (by inhibiting endogenous miR-125b) based on dermal papilla cells (DPCs) to
further investigate the role of miR-125b in HF cycle. In addition, we used a dual-luciferase system to highlight
the predicated target genes of miR-125b.
Results:We found that miR-125b affects the expression of FGF5, IGF-1, SHH, TNF-α, MSX2, LEF-1, FGF7, NOGGIN,
BMP2, BMP4, TGF-β1, and β-catenin. The dual-luciferase assay further validated a direct interaction between
miR-125b and FGF5 and TNF-α.
Conclusion:miR-125b affects the expression levels of genes related to hair cycle andmay also play a critical role in
regulating the periodic development of HF.

© 2016 PontificiaUniversidad Católica deValparaíso. Production and hosting by Elsevier B.V. All rights reserved. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hair follicles (HFs) consist of more than 20 types of cells, and
interactions among these cells induce the formation and cyclic change
of HFs [1]. Thus, HFs are dynamic mini-organs that are destined to
cycle throughout most of the mammalian life span, with each
individual cycle consisting of three phases: anagen (growth), catagen
(apoptosis-driven regression), and telogen (rest) [2,3]. This cyclic
process is regulated by a series of molecular interactions between
epidermal and dermal compartments of a HF. These molecules include
signal cytokines, hormones, neurotransmitters, apoptotic factors,
and growth factors, and participate in hair cycle by regulating
proliferation, differentiation, and apoptosis of different types of cells in
the HF [4,5,6,7].

Dermal papilla cells (DPCs) act as a signaling hub and are located in
the basal layer of HFs. They are responsible for hair shaft formation,
maintenance of HF morphogenesis, regulation of hair growth cycle,
and HF regeneration [8,9]. DPCs improve the process of wound
healing and induce the formation of hair bud-like structures [10].
Furthermore, these cells are a substitute for HF stem cells in grafted
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skins [11]. Owing to the pluripotent properties of DPCs [12], cultured
DPCs transplanted into the ear of mice can induce neogenesis of HFs
under specific conditions [10]. When cultured in vitro, DPCs developed
a fibroblast-like phenotype with aggregative growth characteristics.
However, this feature was gradually lost with increasing number of
batches [13].

MicroRNAs (miRNAs) play critical roles in the morphogenesis of
HFs and in the hair cycle [12,14,15]. Zhang et al. [16] found that
miR-125b is preferentially expressed in progenitor cells of the
epidermis and HF. They also observed that miR-125b suppressed HF
and skin morphogenesis by repressing the expression of more than
800 predicted conserved miR-125b target transcripts [16]. In cashmere
goat skins, the expression of miR-125b in the anagen phase is
low, whereas that in both catagen and telogen phases is high
[17]. Therefore, we predicted that miR-125b is involved in the
morphogenesis of HFs and in the modulation of the HF cycle by
altering the expression of key genes. To test this hypothesis, we
transfected recombinant miR-125b adenovirus or miR-125b inhibitor
into DPCs and validated the transfection using 12 critical genes (FGF5,
IGF-1, SHH, TNF-α, MSX2, LEF-1, FGF7, NOGGIN, BMP2, BMP4, TGF-β1,
and β-catenin). These two contrasting approaches could reveal
whether the expression levels of the 12 genes were related to the
hair cycle. Moreover, we performed dual-luciferase assay to further
validate the relationship between miR-125b and its predicted target
genes.
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Table 1
Primers used in the qPCR reaction.

Gene Primer (5′–3′) Size (bp)

β-actin F: CCTCTATGCCAACACAGTGC
R: GTACTCCTGCTTGCTGATCC

211

FGF5 F: AGACTGGGCGGGAGTGGTA
R: CTTGGCAGAAAGTGGGTAGAGA

106

IGF1 F: TGCCAGTCACATCCTCCTCG
R: ATAAAAGCCCCTGTCTCCAC

146

SHH F: GCTTCGACTGGGTCTACTACG
R: CCCTCACCTGCTTTCACTG

64

BMP2 F: CCTTTATACGTGGACTTCAGTG
R: GCCTTGGGAATCTTAGAGTTA

179

BMP4 F: CCACCTCCATCAGACACG
R: GTGATGCTTGGGGCTACG

173

Noggin F: CCAGCACTATCTCCACATC
R: ATGAAGCCTGGGTCGTAGT

156

TGFβ-1 F: CGTGCTAATGGTGGAATACG
R: CGAGAGAGCAACACAGGTTC

126

TNF-α F: ACGTTGTAGCCAACATCAGC
R: CTGGTTGTCTTTCAGCTCCA

98

Msx2 F: GAAACACAAGAGCAATCGGA
R: GACCTGGGTTTCTGTGAGGT

148

LEF1 F: GCATCCAGATGGAGGTCTCT
R: CACGGGCACTTTATTTGATG

148

FGF7 F: ATGCGCAAATGGATACTGAC
R: GGACTCATGTCATTGCAAGC

110

β-catenin F: CTGCTGTTTTGTTCCGAATGTCT
R: GGGCACCAATATCAAGTCCAA

143

RT-primer TCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG
GATACGACTCACAA

–

miR-125b F: GCGGCTCCCTGAGACCCTAAC
R: GTGCAGGGTCCGAGGT

–

U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

–
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2. Materials and methods

2.1. Cell culture

HEK293A andHEK293T cell lineswere cultured inDMEMcontaining
10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL
streptomycin. The DPCs were then isolated, identified, preserved, and
cultured according to the protocol described in our previous study
[18]. All cells were maintained at 37°C under an atmosphere of 5% CO2.

2.2. Generation of recombinant adenoviruses

To generate the noncoding adenovirus miRNA-125b (Ad-miR-125b),
a 412-bp fragment containing pri-miR-125b was amplified from goat
genomic DNA using the primers 5′-ggaAGATCTTCTACTCTAAGTGGAA
TC-3′ (forward, BglII is underlined) and 5′-ccgCTCGAGAAATCCAGGAG
CTGCCAC-3′ (reverse, XhoI is underlined). The recombinant adenovirus
Ad-miR-125b and the negative control (NC) Ad-GFP were propagated in
HEK-293A cells according to a previously described protocol [19]. Tissue
culture infectious dose 50methodwas employed todetermine viral titers.

2.3. Identification of miR-125b overexpression

To confirm the overexpression of miR-125b in the DPCs, miR-125b
expression was quantified using the stem-loop method with U6
snRNA as the internal control. Ad-miR-125b, Ad-GFP, and PBS were
separately added to the DPCs as soon as the cell growth confluence
reached approximately 40–50%. All experiments were performed in
triplicate, and total miRNAs were harvested 72 h after infection.
Multiplicity of infection (MOI) was determined in the DPCs upon
successful overexpression.

2.4. Action of Ad-miR-125b and the miR-125b antagomir on DPCs

To investigate the effects of miRNA-125b on DPCs, miR-125b
gain- and loss-of-function models were constructed. When cell
confluence reached approximately 80%, the Ad-miR-125b or Ad-GFP
was added into the medium to a MOI of 300 to infect DPCs.
Antagomirs of miR-125b (GenePharama, Shanghai, China) are
single-stranded, synthetic, and chemically modified small RNAs that
were specifically designed to reduce endogenous miR-125b activity. A
double-stranded polynucleotide was used as the NC of miR-125b
antagomirs. Antagomirs of miR-125b and corresponding NCs were
separately transfected into DPCs at 80% confluence by Lipofectamine
3000 (Invitrogen, USA). The final RNA concentration was 100 nM with
an RNA/Lipofectamine 3000 ratio of 2:1. The complex was solved
in Opti-MEM reduced serum medium (Invitrogen, USA) according to
the manufacturer's protocol. Total RNA was extracted after 72 h of
treatment.

2.5. RNA extraction and quantification

Total RNA was prepared in a six-well plate. Cells were rinsed with
sterile PBS and RNA was extracted and purified using the Eastep®
Super Total RNA Extraction Kit according to the manufacturer's
instructions. Approximately, 2000 ng of total RNA was reverse
transcribed to synthesize cDNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo, USA) with oligo dT(18) primer and random
hexamer primer. Total miRNA was extracted using the miRNA
Purification Kit (CWBIO, China). For miR-125b quantification, specific
RT primers and U6 RT primers were synthesized by Genscript
(Nanjing, China) and reverse transcribed using the RevertAid First
Strand cDNA Synthesis Kit (Thermo, USA). Real-time quantitative PCR
(qPCR) was performed in triplicate using SYBR Premix Ex Taq II
(TaKaRa, Japan) in the BioRad iQ5 system. The 2−ΔΔCt method was
used to analyze the relative expression of each gene. qPCR was
employed to quantify the expression levels of 12 genes after
treatment for 72 h. These genes were strongly related to the HF cycle
according to previous studies [2]. All primers are listed in Table 1.

2.6. Dual-luciferase reporter assay

Using the web-based tools RNAhybrid (http://bibiserv.techfak.
uni-bielefeld.de/rnahybrid), TargetScan (www.targetscan.org), and
miRanda (www.microrna.org), we found that three of the 12
shortlisted genes (FGF5, TGFβ1, and TNF-α) possessed miR-125b
target sites. Fragments from these genes containing miR-125b
targeted sites were amplified by PCR using primers having XhoI and
NotI sites. Overlap extension PCR was employed to introduce
site-directed gene mutagenesis at the miR-125b target sites [20]. The
amplified DNA fragments were cloned into the psiCHECKTM-2 Vector
(Promega, Madison, WI, USA) at the 3′-end of the Renilla gene by the
ligation of the restriction enzyme-digested DNA molecules. The
synthetic miR-125b mimics or NC (Genepharma, China) were
co-transfected into 293 T cells along with the dual-luciferase vector
using Lipofectamine 3000 (Invitrogen, USA). Cells were incubated for
36 h and assayed using a dual-luciferase assay kit (Beyotime, China)
according to the manufacturer's instructions. The predicted target
genes and all primers used are listed in Table 2.

2.7. Correlation analysis

To explore the extent of the correlation of expression pattern
between naturally expressed and simulated genes, we selected the
five genes (MSX2, BMP2, TGFB1, FGF7, and FGF5) that were detected
in our previous RNA-seq study [21] and in the present study. The
quantified expression of these genes and qPCR fold-change values
were used for calculation using a general linear model following log10

http://bibiserv.techfak.uni-bielefeld.de/rnahybrid
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid
http://www.targetscan.org
http://www.microrna.org


Table 2
Predicted target sites and primers used for target genes.
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pretreatment [22]. We speculated that the miR-125b overexpression
model (the gain model) mimics the catagen or telogen stages, and the
inhibition model (the loss model) mimics the anagen stage from the
correlation coefficient.

2.8. Statistical analysis

Student's t-tests (parametric test and unpaired test) were used to
determine the significance of the results using SPSS software (version
21.0.0.0, IBM, USA), and GraphPad Prism software (version 6.01,
GraphPad Software, lnc., USA) was used to plot the graphs. All data
are presented as mean ± SD, and values with P b 0.05 were
considered statistically significant.

3. Results

3.1. miR-125b expression pattern during hair cycle

To investigate the role of miR-125b in HF regeneration, we initially
confirmed miR-125b expression in the skin during the three distinct
phases as previously described [17] and subsequently validated the
results by qPCR. The expression levels of miR-125b during the three
stages are shown in Fig. 1. The expression of miR-125b in the anagen
phase was significantly lower than that in the catagen and telogen
phases (P b 0.01). The expression of miR-125b peaked in the telogen
phase (Fig. 1). These results suggest that miR-125b plays a vital role in
Fig. 1. Relative expression patterns of miR-125b. miR-125b expression during different
stages (anagen, catagen, and telogen). The two columns represent miRNA-seq data and
qPCR data. Different letters represent statistical significance of differences, “ab”
represents P b 0.01, and “bb” represents nonsignificant difference.
the hair development cycle and triggers the transition of HFs from the
anagen to the catagen and telogen phases.

3.2. Ad-miR-125b and miR-125b antagomir in vitro experiment

The precursor and flanking sequences of miR-125b were amplified,
and the miR-125b recombinant adenoviruses (Ad-miR-125b) were
successfully recreated (Fig. 2). Compared with cells in the NC group,
the expression level of miR-125b was upregulated approximately
2.6-fold in the DPCs infected with Ad-miR-125b (P b 0.01) (Fig. 3).
Enforced expression of miR-125b (Fig. 4a) led to the significant
downregulation of IGF-1 (P b 0.01), SHH (P b 0.01), TNF-α (P b 0.01),
MSX2 (P b 0.01), LEF-1 (P b 0.01), FGF7 (P b 0.05), and β-catenin
(P b 0.01) and significant up-regulation of BMP2 (P b 0.01). However,
no significant alterations were observed in the expression of BMP4,
Noggin, and TGF-β1. The inhibition group was transfected with
miR-125b antagomir (Fig. 4b). We found that the expressions of IGF-1
(P b 0.01), BMP4 (P b 0.01), Noggin (P b 0.01), FGF7 (P b 0.01), BMP2
(P b 0.01), and LEF-1 (P b 0.05) were markedly increased, whereas
that of SHH (P b 0.01) was significantly reduced. No differences were
observed in TGF-β1, TNF-α, BDNF, MSX2, and β-catenin expressions
between the miR-125b antagomir and control groups.

3.3. Verification of predicted target genes of miR-125b

Dual-luciferase assay was performed to understand the target effect
of miR-125b. The relative activity of the gene FGF5 in the treatment
group was significantly lower than that in the NC group (P b 0.01). A
positive reaction for TNF-α gene (P b 0.05) was observed in both the
wild-type and mutant groups (Fig. 5). Thus, in this study, the
treatments showed no significant effects on TGF-β1. Therefore, we
conclude that this site may not be a target site of miR-125b.

3.4. Gene expression correlation pattern analysis

To understand the physiological state of the DPCs following
treatments with the two contrasting approaches, we performed
correlation analysis for the data obtained for the five genes: MSX2,
BMP2, TGFB1, FGF7, and FGF5. We found that the expression patterns
of these genes is similar to that of goat skins during the three phases,
and the correlation coefficients were higher than 0.91. The expression
patterns of the five genes in the gain model were consistent with the
anagen phase (Fig. 6a). The patterns were much closer to the telogen



Fig. 2.miR-125b adenovirus construction. (a) Precursor and flanking PCR products of miR-125b (lanes 1–3, amplification product 412 bp). (b) pAdTrack-cmv-miR-125bwere digested by
BglII and XhoI (lanes 1–3, enzyme-digested products 9220 and 412 bp). (c) Ad-miR-125b were digested by PacI (lane 1, enzyme-digested products 30 and 4.5 kb). (d) MFOLD-predicted
structure of miR-125b and mature miRNA. M refers to DNA maker; lanes 1, 2, and 3 within the same gel represent three replicates.
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than that to the catagen in the loss model (Fig. 6b). These results
indicated that the overexpression of miR-125b could induce the
transition of DPCs from the anagen to the catagen and telogen phases.

4. Discussion

To explore the role of miR-125b in DPCs, we overexpressed
miR-125b adenovirus and miR-125b antagomirs in mid-anagen
secondary DPCs and tested the expression of 12 genes associated with
hair growth cycle. Dual-luciferase assay showed that among the
predicted genes, FGF5 and TNF-α could be directly regulated by
miR-125b.

Our findings revealed that the expression of miR-125b was high in
the telogen phase and low in the anagen phase, suggesting a
regulatory role of miR-125b during periodic growth. miR-125b
Fig. 3. Relative expression of miR-125b. PBS was added to the control group, and U6
snRNA was used as an internal control for quantification. The fold increases are
calculated relative to the control group. Data are given as mean ± SD from three
independent experiments (**P b 0.01).
showed abundant expression in the stem cells of HF, which decreased
after differentiation [18]. Upregulation of miR-125b in transgenic mice
resulted in the thickening of the skin, extension of sebaceous glands,
and failure to form a coat by inhibiting the differentiation of HF stem
cells [16]. DPCs play important roles in HF period transitions [23,24].
Therefore, cultured DPCs are a feasible model to study periodically
alternating HFs. Moreover, changes in the expression of genes in DPCs
can be considered alternative markers. The 12 selected genes in our
study (FGF5, IGF-1, SHH, TNF-α, MSX2, LEF-1, FGF7, NOGGIN, BMP2,
BMP4, TGF-β1, and β-catenin) were proven to be associated with both
HF morphogenesis and cycling [2].

FGF5, IGF-1, FGF7, and TGF-β1 are growth factors; however, the
functional mechanism of these factors on HF cycle remains unclear.
FGF5 is regarded as a crucial regulator of hair length in humans, and
blocking FGF5 in the human scalp selectively enhanced the growth of
eyelashes [25]. IGF-1 is an important factor that promotes mitosis
during HF development and stimulates the formation of epidermal
cells and the proliferation and differentiation of DPCs [26]. TGF-β1
induces the transition of HFs into the regression phase, and its
overexpression extends the duration of the catagen phase [27,28]. In
our study, overexpression of miR-125b promoted the downregulation
of FGF5, IGF-1, FGF7, and TGF-β1, whereas inhibition of miR-125b led
to opposite results. Although miR-125b may affect these genes
indirectly, the synergy of these genes prompted their expression
during the HF cycle.

Published reports revealed reciprocal requirements for MSX2/BMP/
Wnt/TNF-α, Wnt/β-catenin, and SHH/NOGGIN/LEF1 signaling pathways
in the induction of HF growth [29,30]. BMP signaling controlled
HF morphogenesis and cyclic changes through the regulation of
proliferation and differentiation of the hair matrix; BMP2 was highly
expressed during the resting phase and was suppressed during the
anagen phase. Thus, the expression of BMP2 maintained the HFs in a
resting state [31,32]. The interaction between BMP4 and BMPR-1A
influenced secondary follicle cell proliferation; noggin is an antagonist
of BMP4 that suppresses BMP4 expression during the telogen phase
and increasing SHH expression in epithelial cells, and noggin-SHH



Fig. 4. Expression of 12 genes in different treatment groups. Red bars represent the control group, whereas blue bars represent the treatment group. (a) Ad-miR-125b treatment leads to
the overexpression of miR-125b; (b) miR-125b antagomir treatment inhibits endogenous miR-125b (0.01 b *P b 0.05; **P b 0.01).

Fig. 5. Dual-luciferase array. Red bars depict control with nontargeting dsDNA treatment, and blue bars depict results after treatment with miR-125b mimics. *P b 0.05, **P b 0.01.
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pathway signaling could promote HF transition from the telogen to
the anagen phase [30,33]. Noggin has been reported to regulate
DP development through the induction of proliferation of HF cells
interacting with LEF-1 [34]. MSX2 is a member of the homeobox gene
family, and knockout mice showed a series of abnormal phenomena,
e.g., progressive loss of hair, shortened HF growth cycles, and prolonged
regression and resting stages. A previous study revealed the
cooperation between MSX2, BMP, and Foxn1 that results in the
synthesis of hair keratin [35]. TNF-α transgenic mice showed increased
Fig. 6. Correlation analysis of gene expression. Correlation between genes expressed in the ana
markers represent RNA-seq data, and the circle markers represent qPCR data.
birth weight, slow additional hair growth, and occurrence of skin
necrosis following the addition of a cuticle on the skin at 3–4 weeks
[36]. β-catenin, an important factor of the Wnt signaling pathway, can
accelerate hair growth after activation, whereas loss of β-catenin can
block the HF morphogenesis. The expression of β-catenin was
noticeably different between the three phases, with high expression in
the anagen phase and low expression during both the catagen and
telogen phases. The results revealed that β-catenin plays an important
role in HF and the hair growth cycle [37,38].
gen with the catagen (a) or telogen (b), as measured by qPCR and RNA-seq. The triangle
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The dual-luciferase assay revealed the direct regulation of FGF5 and
TNF-α by miR-125b. We thus speculate that miR-125b could modulate
the HF cycle by targeting FGF5 and TNF-α. The correlation of the two
models was similar to that of the anagen and telogen phases during
conventional farming; therefore, we could simulate the growth of
HFs through the regulation of miR-125b expression. Interestingly,
FGF5 and TNF-α could induce anagen–catagen transition during
the hair cycle [39,40], whereas miR-125b could reduce the expression
of the two. HF cycle is a complex process, and a single stripping
phenomenon cannot explain the end results. Several intriguing
aspects in the hair cycle remain to be identified.

5. Conclusion

In the present study, we have provided novel insights into the
mechanism of the HF growth cycle, with miR-125b participating in
the modulation of hair growth by targeting FGF5 and TNF-α.
miR-125b expression was relatively low during the anagen phase and
regulates hair growth. When the growth of the HFs transitioned into
catagen and telogen phases, miR-125b expression was found to be
upregulated. We identified the amount of miR-125b required to
modulate gene expression in DPCs and trigger the transition of DPCs
into different growth phases in vitro. We found that FGF5 and TNF-α
can be regulated by miR-125b and thus affect HFs. These findings
significantly extend our understanding of the regulatory function of
miR-125b in HF regeneration.
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